Methods and Materials
All reactions were carried out under argon (dried over phosphorous pentoxide on solid support [SICAPENT ® , Merck] and liberated from traces of oxygen by a heated copper catalyst) using standard Schlenk techniques or in a glovebox (MBRAUN LabMaster) under a nitrogen atmosphere. Solvents were dried and degassed by standard procedures before use. Chemicals were purchased from Aldrich, Acros, Merck, Deutero or ABCR. Cyclopentadiene was prepared by cracking dicyclopentadiene over iron filings and distillation using a fractionating column.
13 C-enriched CO gas (99 % 13 C) was purchased from Euriso-Top. Solution-state NMR spectra were recorded on Bruker AVANCE 300 or 500 instruments at 25 °C. Chemical shifts (δ) are given in ppm and are referenced to the solvent residual signals. 1 Solid state NMR experiments were carried out on a Bruker AVANCE 400 spectrometer equipped with a ( 1 H, X, Y) triple resonance 4 mm MAS probe. The 13 C chemical shifts were referenced externally to adamantane.
IR spectra were recorded using a Cary 630 FTIR spectrometer (Agilent) placed in a glovebox (MBRAUN UNIlab, argon atmosphere) with DialPath and Diamond ATR accessory. IR bands were labeled according to their relative intensities with s (strong), m (medium), w (weak) and sh (shoulder). UV/Vis spectra were recorded with a Varian Cary 5000 UV/Vis/NIR instrument using sealable quartz cuvettes for solutions or a Praying Mantis sampling kit for solid samples. Elemental analyses (CHN) were performed on an Elementar 4.1 vario EL 3 element analyzer. The ruthenium content was determined photometrically by a Perkin-Elmer Lambda 2 UV/Vis spectrometer after pressure digestion with HNO 3 and the potassium content was obtained using a Thermo Scientific IRIS Intrepid II instrument.
Synthetic Procedures

Synthesis of [CpRu(CO) 2 ] 2 (Rp 2 )
The ruthenium dimer Rp 2 was synthesized according to a modified literature procedure. 2 Triruthenium dodecacarbonyl Ru 3 (CO) 12 (1.7 g, 2.7 mmol, 1.0 eq.), dry and deoxygenated n-heptane (80 mL) and freshly distilled cyclopentadiene (4.1 g, 5.3 mL, 62 mmol, 23 eq.) were heated for 2 h at reflux in a twonecked round-bottomed flask under an argon atmosphere. The glass stopper was then removed and the volume of solvent was reduced to roughly 10 mL under a brisk flow of argon before adding again a volume of 110 mL of unpurified n-heptane directly from the reagent bottle. The solution was heated for a further 3 h. Upon standing over night, the product crystallized from the reaction mixture. In order to complete crystallization, an additional amount of 30 mL of unpurified n-heptane was added to the reaction mixture and the flask was kept at 0 °C for 1 d. Decantation, washing the crystals with n-pentane and drying in vacuo afforded the product as orange needles (1.3 g, 3.0 mmol, 74 %).
Synthesis of K[CpRu(CO) 2 ] (KRp) and the Black Solid
To a solution of Rp 2 (0.50 g, 1.1 mmol, 1.0 eq.) in THF (20 mL), potassium tri-sec-butylborohydride (KSelectride ® , 1 M in THF, 6.7 mL, 6.7 mmol, 6.1 eq.) was added and the resulting mixture was heated to 40 °C for 6 h. After a short time the initially orange solution turned darker and precipitation of a finely dispersed black solid was observed. Stirring of the mixture was continued over night and the precipitate was isolated by filtration and subsequent washing with THF (2 x 5 mL) and MeCN (2 x 10 mL). Exhaustive drying of the solid in vacuo afforded a black material (0.10 g). Toluene (60 mL) was added to the filtrate and after 1 d the resulting crystals were collected by decantation, washed with toluene and dried in vacuo. By this method, KRp was obtained as yellow crystals (0.24 g, 0.90 mmol, 41 %). Crystals suitable for X-ray diffraction were obtained by layering a THF solution of the compound with toluene. Caution is required when handling the compound outside a glovebox as any exposure to air immediately destroys the crystals. 
13 CO-Labeled Compounds
13
CO-enriched triruthenium dodecacarbonyl was obtained according to a modified literature procedure from Darensbourg and coworkers. 3 Commercially available Ru 3 (CO) 12 (1.0 g, 1.6 mmol) dissolved in a mixture of THF (90 mL) and MeOH (50 mL) and catalytic amounts of KOMe (0.1 M in MeCN/toluene, 0.2 mL, 0.02 mmol) were placed in a 500 mL Schlenk flask and the mixture was degassed by repeated freeze-thaw cycles. The flask was charged with an atmosphere of 13 CO gas (1 bar) and the mixture was stirred for 3 h at 50 °C. Stirring was continued over night. After this, the atmosphere of 13 CO was renewed and the mixture was stirred for another 5 h at 50 °C. The solvent was removed in vacuo and the raw product was extracted with warm n-hexane. Filtration and removal of the solvent afforded the 13 COenriched Ru 3 (CO) 12 which was directly used in the synthesis of 13 CO-enriched Rp 2 ( 13 CO-Rp 2 )
analogously to the preparation of the non-labeled compound described in section 2.1. From NMR spectroscopy of 13 CO-Rp 2 in comparison with the unlabeled compound, the 13 C content in the CO molecules was estimated to be at least 90 %. Subsequent reductive cleavage according to section 2.2 gave the 13 CO-enriched metallate and the 13 CO-enriched black solid.
X-ray Crystallograpy
X-ray data were collected on a STOE IPDS II diffractometer with an area detector (graphite monochromated Mo-Kα radiation, λ = 0.71073 Å) by use of ω scans at 133 K (Table S1 ). The structure was solved by direct methods and refined against F 2 using all reflections with SHELX-2013. 4 All nonhydrogen atoms were refined anisotropically. All hydrogen atoms were placed in calculated positions and assigned to an isotropic displacement parameter of 1.2 / 1.5 U eq (C). Face-indexed absorption corrections were performed numerically with the program X-RED. 5 CCDC 983836 (KRp⋅THF) contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/data_request/cif. 
ATR IR Spectroscopy and 13 CO Labeling
ATR IR spectra of the black solid were recorded on a Cary 630 FTIR spectrometer (Agilent) under inert conditions. The spectra display unusually broad signals and also the position of the bands is atypical for CO molecules in organometallic compounds. If one compares the spectrum of the black solid and the 13 CO-enriched black solid, one notices a shift for specific bands to lower wavenumbers in the labeled compound. This is expected for bands caused by vibrations with significant contribution of CO molecules. As depicted in Figure S2, The broad bands shift to smaller wavelengths in the labeled compound.
UV/Vis Spectroscopy
Solution State UV/Vis Spectroscopy of KRp
The solution state UV/Vis spectra of KRp were recorded with a Varian Cary 5000 UV/Vis/NIR instrument using sealable quartz cuvettes. Solutions of the metallate were prepared in a glovebox directly before the measurement. As the absorptions were only visible as shoulders, the spectra were transformed into energy plots and fitted with Gaussian functions using the Fityk program. 9 Figure S3 depicts the recorded spectrum at a 0.7 µM concentration. Deconvolution of the spectrum gave three absorptions at 242 (ε = 3200 L mol -1 cm -1 ), 281 (ε = 4300 L mol -1 cm -1 ) and 331 nm (ε = 1200 L mol -1 cm -1 ). 
Solid State UV/Vis Spectroscopy
Solid state UV/Vis spectra of KRp and the black solid were recorded with a Varian Cary 5000 UV/Vis/NIR instrument equipped with a Praying Mantis sampling kit for solid samples. Figure S4 shows the solid state UV/Vis spectrum of KRp and the black solid. From the continuous absorption over a large wavelengths range, two absorptions at 236 and 284 nm are clearly discernible. These two absorptions are very similar to the absorptions found for KRp in the solid state (236 and 281 nm) and are similar to the absorptions at 242 and 281 nm observed in THF solution spectra of KRp (see Figure S3 ). Figure S4 . Solid state UV/Vis spectrum of KRp (orange line) and the black solid (black line). The absorptions in the UV region are similar and also comparable to the solution spectra of KRp.
Solid State 13 C MAS NMR Spectroscopy
The employed MAS rates were 9,11and 12 kHz. Typical 90° pulse lengths were 3 µs for proton and 5 µs for carbon. In carbon direct excitation experiments, interscan delays were set to 240 s to avoid saturation. The 1 H-13 C cross polarization contact time was 1.3 ms. The interscan delay in CP experiments was set to 2.5 s. In all cases, the 1 H decoupling field strength was 80 kHz during acquisition. Figure S5 depicts the 13 C CP/MAS NMR spectrum of KRp at a spinning rate of 9 (yellow line) and 11 kHz (blue line). Besides the spinning sidebands, only two signals at 218 and 87 ppm are observed characterizing the terminal CO molecules and the cyclopentadienyl ring, respectively. In comparison with the solid state NMR spectra of KRp, the signals especially of the CO molecules in the 13 C CP/MAS spectra of the black solid are significantly broader. A possible explanation for this could be the crystalline nature of the KRp sample, but also paramagnetic impurities, anisotropic motion or incomplete scrambling of the carbonyl ligands in the sample of the black solid might lead to broad signals. As the signal intensity of the CO carbon atoms was very low, a 13 CO-enriched sample of the black solid was prepared (see section 2.3). In the 13 C CP/MAS spectra of this sample, the CO signals were far better resolved, albeit the signals were still very broad. Figure S6 shows spectra of the 13 CO-enriched compound at different spinning rates. It is evident that two different kinds of CO molecules exist, namely bridging (280 ppm) and terminal COs (215 ppm). The chemical shift anisotropy (CSA) is larger for the terminal CO molecules and hence more intensity is distributed into the spinning sidebands of this signal. The origin of the signal at 173 ppm and of the (partly obscured) signal at ~4 ppm could not be resolved unambiguously. The varying intensity of the signals in different samples hints at impurities, the one at 4 ppm possibly being due to silicon grease as analytical methods revealed trace amounts of Si in the black solid (see below). It cannot be fully excluded that a third CO species is present in the black solid giving rise to the signal at 173 ppm -although the upfield chemical shift is rather unusual for CO ligands -since the signal exhibits a gain in intensity in the 13 CO-enriched compound. Although quantification was difficult because of problematic integration in the unlabeled compound, this gain in intensity seems to be lower than in the case of the bridging and terminal COs.
Cross Polarization Spectra of KRp and the Black Solid
Figure S6.
13 C CP/MAS spectra of the 13 CO-enriched black solid at 9 kHz (red), 11 kHz (green) and 12 kHz (blue) spinning rate showing bridging (280 ppm) and terminal CO molecules (215 ppm). First and second order sidebands of the terminal CO signal are marked with an asterisk ( * ), first order sidebands of the Cp ring (94 ppm) with a circle (○). The two signals marked with a question mark could not yet be assigned, but are presumably due to impurities.
Direct Excitation Spectrum and Quantification
The ratio between bridging and terminal CO molecules was determined by integration of a 13 C MAS spectrum of the 13 CO-enriched black solid which was acquired by a direct excitation method. The spectrum at a spinning rate of 12 kHz ( Figure S7 ) allows for integration and subsequent determination of a ratio of the CO signals. The intensity of the spinning sidebands of the terminal CO signal was taken into account. Furthermore, the integral of the upfield first order spinning sideband of the terminal CO signal was estimated by fitting two Gaussian functions to the peak at 94 ppm (sideband and Cp signal). For the black solid, a ratio of 3.1:1.0 for the bridging vs. terminal CO molecules was calculated. As can be seen in Figure S7 , the intensity of the peaks at 173 (impurity?) and 94 ppm (Cp) decrease relative to the CO signals, hence they profit from the cross polarization method significantly more than bridging and terminal CO signals. This indicates that protons can be found in the vicinity of the respective carbon atoms.
Figure S7.
13 C MAS spectra of the 13 CO-enriched black solid at 12 kHz spinning rate with a direct excitation method. Fitting of the peak at 94 ppm was necessary because overlapping of the Cp signal and the first order spinning sideband of the terminal CO signal occurred. The calculated ratio of bridging and terminal COs is 3:1. Table S2 . Recalculating the raw data using CITZAF and assuming that the unassigned content is carbon, leads to minor deviations represented as well in Table S2 (Ø C-calc ). Here, the 4:3 ratio of Ru:K is even more evident than without taking carbon into account. A direct determination of the carbon content was not possible due to the inadequate surface quality of the powdered sample which did not fulfill the requirements for a quantitative light element analysis. Taking together all experimentally determined values, 96.6 % of the elemental composition has been assigned. 
Elemental Analysis and Electron Microprobe Analysis (EMPA)
